Abstract -Based on work at NC State University, an initial trial group of 15 plug-in hybrid school buses were manufactured by Navistar Corporation to determine basic performance characteristics and provide a basis to improve upon the design. This project was a joint effort with the IC Bus division of Navistar and the many school districts participating in the program. The buses have been in operation for up to four years as of the writing of this paper. The performance of the buses is better than traditional buses in terms of fuel economy and emissions, but not as favorable as originally predicted in computer simulations.
There are a variety of reasons for this discrepancy in the performance, some of which were addressed in subsequent design iterations of the buses, such as decreasing final drive ratios and adjusting the capture of regenerative energy. Some other discrepancies remain unexplained. The design of the buses uses a parallel post transmission hybrid system. This design has been proposed in a number of retrofit situations and therefore has application across a wide variety of platforms. The concern related to this design is the performance of the torque converter in the overrunning condition and the resulting energy losses associated with this case. In this paper, the emphasis is on using separately developed mathematical models to create an adequate simulation of the performance of a torque converter in the negative torque state by using converter geometry without the application of lookup tables, which require specific torque converter testing.
I NTRODUCTION
The use of post transmission hybrid drivelines is prevalent amongst medium and heavy-duty vehicle platforms as a lowcost high-value application. A number of modeling packages for hybrid drivelines such as PSAT and ADVISOR have modules to use for the modeling of torque converters that can be used in post transmission hybrid arrangements but real world data show that these models do not adequately compensate for the losses in the torque converter in the overrunning case, or when the speed of the transmission exceeds that of the engine. Historically, this case would not be relevant because the case would only occur when the vehicle is slowing down, but with a post transmission driveline, this case occurs when the electric motor is adding torque to the driveline.
In the case presented here, a steady state model is sought which matches DOE's ADVISOR modeling package approach. In separately published work, the mathematical basis for three separate flow regimes, below-coupling, coupled, and overrunning were developed based on the geometry of a torque converter. The mathematical relations that were developed were then used to develop effective methodologies for the various cases where one may need to determine particular outputs given particular inputs. The methods developed are:
• Impeller conditions from known turbine conditions • Turbine conditions from known impeller conditions • Component torques based on component speeds The remaining possible scenario is based on known torques and determining component speeds. This scenario is indeterminate due to the singularity of torque ratio at all speed ratios beyond the coupling point.
B ACKGROUND
The complex relationships of impeller and turbine torques and speeds were developed in a separate publication. Once these relationships are established with the known geometry of the specific torque converter to be modeled, they can be recast to establish a means whereby knowing any two of the values, the others can be found and used in control algorithms or vehicle modeling. There are three distinct regimes of flow within the torque converter. A convenient way to understand the nature of these three modes is in a plot of the torque ratio (TR) as a function of speed ratio (SR) as shown in figure 1.
The three regimes are as follows: Regime 1: This is where the secondary flow rate is normal (flowing from impeller to turbine) and the torque converter is multiplying torque. In this regime the stator is locked due to the flow of the fluid around the converter, this locked stator enables torque multiplication. This is seen in speed ratios of 0 up to approximately 90% depending on the design of the specific converter. This point where the shift occurs is termed the "coupling" point. Regime 2: Above the coupling point, the secondary flow rate is still positive, but the flow rate becomes small enough for
Fig. 1. Torque and Speed Ratio of the Three Distinct Modes
978-1-61284-247-9/11/$26.00 ©2011 IEEE the net resulting torque to be zero. As the point the reaction on the stator becomes zero and further reductions actually lead the stator to turn. The speed ratios in this regime are above the coupling point but still below one. Regime 3: In this regime, the torque is flowing from the turbine to the impeller, and the speed ratio is greater than one. This results in a negative secondary flow rate (Q).
KNOWN TURBINE CONDITIONS The model of a torque converter in this case will require that turbine speed (ω t ) and turbine torque (τ t ) are known and we need to develop relations for impeller speed (ω i ) and impeller torque (τ i ). In this case, the performance of each mode can be established as a function of SR and τ t /ω i 2 . In this case each of these curves is a polynomial relationship of the characteristic form shown in (1) and individual polynomial curve fits where constants k can be determined for each mode where x is either 1, 2, or 3 depending on the mode.
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The resulting curves and resulting coefficients are shown in figure 2 for the Allison 210 torque converter selected in this study. 
In addition to determining the coefficients each case for speed ratio, a curve fit must be determined for the torque ratio for Regime 1 as torque is multiplied in this case. This curve fit is shown in figure 3 .
Once these curve fits are established the following procedure is developed: 1. If the torque is negative, then move to step 10 for regime. 2. If the torque is positive, the converter will be operating in regimes 1 or 2. 3. Assuming regime 1, determine ω i by using (2) (2) 4. Find SR using (3) . If the speed ratio is greater than one, then proceed to step 8.
5. Use the speed ratio to determine the torque by using equation 4.
6. Determine the TR using (5).
7. If the torque ratio is greater than one, then this is the correct torque and speed and the calculation is complete; otherwise the converter is coupled and proceed to step 8. 8. To determine the coupled speed, reevaluate the speed using (6) and the second regime curve fit. (6) 9. At this point, the torque ratio is equal to one, therefore, set . 10. If SR is less than 1, the calculation is complete. If the torque was negative, then also set as the torque ratio is one. Determine the impeller speed with (7) (7) After completing the algorithm, the impeller conditions are established for all turbine torques and speeds and this procedure can be implemented in a backwards facing modeling tool such as ADVISOR. All models in this study are driven by speed ratio where the impeller speed is fixed and the turbine speed is varied to achieve a full spectrum of ratios. Results on other impeller speeds are similar. As shown in Fig. 4 , the calculated torques and speeds in the specific case shown here begin to deviate at the transitions from one regime to the next but overall fit is well within expectations. 
KNOWN IMPELLER CONDITIONS
In the case of a forward facing model ω i , τ i are known and we need to develop relations for turbine speed and torque. Like the other cases three distinct curve fits are needed to determine the speed performance. In this case it is the function of the inverse of SR and τ i /ω t 2 as shown in fig. 5 .
Fig. 5. Forward Facing Curve Fits
Much like the backward facing model, the following procedure is used to determine the turbine torque and speed.
1. Determine the direction of the torque, if negative, then move to step 6 for the Regime 3 approach. 2. For data where the torque is positive, assume Regime 1 and use the k 1 developed coefficients to determine the turbine speed according to (8)
3. Knowing the turbine speed, determine the speed ratio using (3) 4. From the speed ratio, determine whether this is above the coupling point. 5. If the converter is determined to be above the coupling point, use the Regime 2 curve fit to determine speed.
6. For negative torque values, the speed can be calculated for Regime 3 using (10).
7. The Speed Ratio can now be determined for each value using (3) 8. Using the determined SR, torque in each case can be determined using (11).
With turbine torque and speed determined for any case the results of this approach are beneficial. As shown in fig 6, these results show high accuracy for all conditions except for speed ratios in Regime 1 shortly before the transition to Regime 2. 
KNOWN SPEEDS
In the case ω i and ω t are known, a relation for τ i and τ t is needed. In this case, the speed ratio is also known. From this speed ratio, a series of curve fits for the flow rate (Q) is established like the one shown in fig. 7 . The flow rate curve fit and the already established torque can be used to determine the input and output torques. The following procedure can now be used to determine the turbine and impeller speed.
1. Create a curve fit for all three Regimes of Q and the Regime 1 torque ratio. In this case, the values shown in Error! Reference source not found. are used. 2. Determine the speed ratio and resulting regime. 3. Determine the torque ratio, for Regimes 2 and 3, TR=1. For regime 1, use (12) to determine the torque ratio.
4. Determine Q from (13), where x is the regime determined.
5. Determine impeller torque from (14, 15, or 16) depending on regime.
(15)
6. Turbine torque can now be found using the torque ratio
At this point, the input and output torque of the converter based on the input and output speeds is fully determined. Fig.  9 shows the resulting calculation performance. The curve fits are determined to have a high degree of accuracy as shown in this Figure. 
RESULTS AND CONCLUSIONS
By adding these characterizations to the ADVISOR models for hybrid vehicle performance, they indicate that significant losses can occur when an electric motor is applied downstream of the torque converter. Fig. 10 shows total energy losses resulting from a specific case of both the traditional model from ADVISOR as compared with the model developed in this study. The model developed here is of two identical post transmission hybrid buses both driven on the West Virginia Suburban Cycle. In the traditional ADVISOR model, the torque converter losses are reported as 36 W-h while the model developed in this case predicts a total loss of 683 W-h. The cumulative battery consumption in the model case of 11.4 kWh while in the lookup table case was only 11.0 kWh. These losses represent 6.2% of the total electrical consumption during the cycle versus 0.3% in the lookup model case. The major losses in this case are occurring in specific bursts which line up with major acceleration events. A closer view of one of these bursts is shown in fig. 11 . The bursts shown in the figures coincide with times when the speed of the torque converter output exceeds that of the engine or overrunning. It should be noted that the speed of the motor is also modified by the gear ratio which does not show on the chart.
